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The adenovirus early region 1A (E1A) oncogene interferes with the expression level and activity of the AP-1
transcription factor family. E1A abolished the transactivating function of AP-1 (Jun/Fos), which binds to the
12-O-tetradecanoylphorbol-13-acetate-responsive element of the collagenase gene (collTRE). In contrast, the
activity of another member of the AP-1 family that binds to the c-junTRE was not repressed. The mRNA
expression of the c-jun gene was, in fact, strongly elevated in various cell types expressing the E1A gene of either
adenovirus type S (AdS) or Ad12. The regulation of the junB gene by adenovirus E1A, on the other hand,
depended both on the cell type and on the transforming adenovirus serotype. The fact that E1A-induced
alterations in the repertoire of AP-1 transcription factors depend on its transforming domain in conserved
region 1 suggests that the effects are relevant for the transformation process.

Early region 1A (E1A) plays a pivotal role in the transfor-
mation of cells by human adenoviruses. The E1A gene
encodes nuclear phosphoproteins that exhibit various activ-
ities, including positive and negative regulation of gene
expression and the stimulation of cellular DNA synthesis (5,
7, 11, 30). Extensive mutational analysis has demonstrated
the existence of three major functional domains within this
gene, conserved regions (CR) 1, 2, and 3. Of these domains,
CR1 and CR?2 are essential both for the transforming capac-
ity of E1A and for the repression by E1A of several viral and
cellular enhancers (14, 17, 19, 26). Furthermore, these
domains are involved in the association of E1A with cellular
proteins, e.g., pl05-RB, the product of the retinoblastoma
susceptibility gene, and a 300-kDa protein of unknown
function (9, 39, 40). This suggests that gene regulation and
direct interaction of E1A with cellular proteins are important
aspects of adenovirus transformation.

In previous studies we have shown that E1A, through
CR1, represses several mitogen-inducible genes, including
the growth-related genes c-myc and JE and the genes which
code for the proteases stromelysin and collagenase type I
(20a, 34). Studies on the repression of the latter gene
demonstrated that E1A downregulates the activity of the
collagenase promoter through its 12-O-tetradecanoylphor-
bol-13-acetate (TPA)-responsive element (collTRE). The
collTRE is a high-affinity binding site for the transcription
factor AP-1, a heterodimeric complex consisting of the
proteins Jun and Fos (3, 8, 20a, 25). E1A was found to inhibit
the transcriptional activation function of AP-1 without de-
creasing the synthesis of its constituents Jun and Fos and
without inhibiting its binding to the collTRE in vitro. Rather,
AP-1 binding activity was elevated in extracts from several
E1A-transformed cells. We now explore the cause of this
paradoxical change in AP-1 function (increased binding
versus reduced transactivation).

In this paper, we report on the stimulation by adenovirus
E1A of the c-jun and junB genes, which encode constituents
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of the AP-1 transcription factor family (6, 20). Analysis of
the E1A-dependent stimulation of the c-jun gene indicated
that several sequences within the c-jun promoter are in-
volved. The contribution to E1A-dependent stimulation of
one of these sequences, termed c-junTRE (2), depends on
the promoter context in which this element is presented,
since the activity of a minimal synthetic promoter carrying
the c-junTRE was neither stimulated nor repressed by E1A.
Interestingly, under similar conditions the activity of the
collTRE was severely inhibited by E1A. Our data, therefore,
strongly suggest that TPA induces different transcription
factors to bind to the collTRE and c-junTRE, the latter of
which is not sensitive to repression by the E1A oncogene.

MATERIALS AND METHODS

Cell lines and cell culture. Human embryonic retinoblast
(HER), baby rat kidney (BRK), and normal rat kidney
(NRK) cell lines transformed by adenovirus type 5 (Ad5),
Ad12, simian virus 40 (SV40), polyomavirus, or ras onco-
genes have been described previously (21, 32, 34, 35). These
cells were routinely cultured in Eagle minimal essential
medium (MEM) supplemented with 1 mg of glucose per ml,
1 pg of biotin per ml, 300 ng of glutamine per ml, antibiotics,
and 10% fetal calf serum (FCS). HeLa tk~ cells were grown
in Dulbecco modified Eagle medium supplemented with 10%
FCS.

RNA analysis. RNA was isolated from rapidly growing
subconfluent cultures whose medium had been changed 1
day prior to isolation. RNA isolation and Northern (RNA)
blotting analysis with stromelysin and human elongation
factor 1 (HEF) probes were performed as described else-
where (21, 34). For the detection of jun mRNA, mouse c-jun
(R. Bernards, unpublished results) and junB probes (23)
were used.

Transient transfection and plasmid constructs. Transfec-
tion of plasmid DNA into HeLa tk~ cells and chloramphen-
icol acetyltransferase (CAT) assays were performed as de-
scribed previously (1). CAT activity was quantified by liquid
scintillation counting of excised sections of thin-layer plates
and expressed as percent conversion of [1*C]chlorampheni-
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FIG. 1. Effects of adenovirus transformation on c-jun and junB mRNA expression. Total cytoplasmic RNA prepared from subconfluent,
growing cell cultures was analyzed by Northern blotting. Each lane contains 20 pg of RNA. The filters were hybridized to c-jun- and
JjunB-specific probes and to a HEF probe as a control. The following cell lines were analyzed. (A) Primary HER cells, Ad5 El-transformed
HER clones C2 and C5, and Ad12 El-transformed HER clone C4. (B) Primary BRK cells; AdS El-transformed BRK clones C1, C2, and C4;
Ad12 El-transformed BRK clones 2C1, 2C2, C16, and C18; and SV40 early-region-transformed BRK clones C1, C21, and C22. (C)
Untransformed NRK cells (lanes —), AdS E1A-transformed clone 1-1, Ad5 E1 clones 1-2 and 4-1, Ad12 E1A clone 1-2, Ad12 E1 clones 2-4
and 4-3, polyomavirus-transformed clones 2-1 and 2-2 (lanes Py), Ad5 E1 clone 1-2, EJras-transformed clones R6 and R11. All cell lines have
been analyzed for the correct expression of the oncogenes, as has been described previously (21, 32, 34, 35).

col to its acetylated derivatives. The mutant E1A genes have
been described elsewhere (26). For the transient cotransfec-
tion experiments, the coding regions of these constructs
were recloned into pRSV-SE1A to generate constructs
equivalent to the wild-type E1A vector, as described previ-
ously (20a). pRSV-c-jun and pRSV-c-fos contain the cDNA
sequences of human c-jun and c-fos in the same plasmid
background as pRSV-neo and pRSV-5E1A and have been
described elsewhere (20a).

The different c-jun-CAT constructs contain the indicated
c-jun promoter sequences in front of the promoterless CAT
gene pBLCATS (31). Most of these constructs have been
described elsewhere (2; the long construct was originally
called —1100/+740). The —1600/+170 c-jun-CAT construct
was obtained by replacing the Stul insert of the —132/+170
construct with the corresponding fragment of —1600/+740.
—1600/+170 mTRE was derived similarly from —132/+170
mTRE (2); in the —1600/+740 mTRE clone, the Sacl insert
of —1600/+170 mTRE is replaced by the corresponding
fragment of —1600/+740. collTRE-tata-CAT and c-junTRE-
tata-CAT contain one copy of the collTRE and the c-jun-
TRE, respectively, in front of a TATA box (20a, 31).

RESULTS

Increased c-jun mRNA levels in adenovirus-transformed
cells. We have reported previously that several mitogen-

inducible genes are repressed by adenovirus E1A (21, 32).
The repression of one of these genes, the human collagenase
gene, involves the inactivation of transcription factor AP-1
(Jun/Fos), which binds to the collTRE (2, 20a). Paradoxi-
cally, the level of collTRE-binding factors, although func-
tionally inactive, was found to be elevated in several E1A-
expressing cells. This prompted us to analyze the expression
levels of the c-jun gene that encodes the decisive AP-1
subunit with respect to its binding to the collTRE (6, 20). The
cell types examined were HER, BRK, and NRK cells. The
expression of the c-jun gene was found to be stimulated 5- to
10-fold in both AdS- and Ad12-transformed cell lines (Fig. 1).
The E1A oncogene is responsible for this activation, since
NRK cells transformed by E1A alone also showed increased
c-jun mRNA levels. Strongly elevated levels of c-jun mRNA
were not observed in several BRK and NRK cell lines
transformed by other oncogenes, i.e., the SV40 early region,
the polyomavirus early region, or c-H-ras(vall2) (Fig. 1B
and C). Thus, elevated c-jun mRNA expression appears to
be a general feature of adenovirus-transformed cells and is
not common to cells transformed by several other onco-
genes.

E1A and mitogens synergistically stimulate c-jun and junB
expression. In NRK cells, the E1A gene of AdS stimulated
not only the c-jun gene but also the related junB gene. NRK
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cells expressing the E1A gene of Ad12, however, did not
show elevated junB mRNA levels (Fig. 1C), indicating that
JjunB, in contrast to c-jun, is differentially regulated by AdS
and Ad12 E1A. In BRK cells, the regulation of junB expres-
sion also depends on the adenovirus serotype. In AdS-
transformed BRK cells, junB mRNA levels were not altered
compared with those in untransformed BRK cells, whereas
in Adl12-transformed BRK cells junB was even repressed
(Fig. 1B). junB mRNA could not be detected in any of the
HER cells tested (not shown). Thus, the expression of the
junB gene in adenovirus-transformed cells is determined
both by the origin of the progenitor cell and by the trans-
forming-adenovirus serotype.

Since expression of c-jun and junB is inducible by mito-
gens (23, 24), we tested whether E1A interferes with the
induction by TPA and serum growth factors. Comparison of
AdS El-transformed and control NRK cells showed that
although E1A already increases basal c-jun and junB RNA
expression, the genes are induced to the same relative extent
in both cell lines by serum growth factors (Fig. 2). Similar
results were obtained when several other NRK cell lines
expressing AdS or Ad12 E1A were stimulated with serum or
TPA (data not shown). This indicates that E1A and mitogens
act synergistically on c-jun and junB expression.

E1A stimulates c-jun prometer activity. To investigate the
mechanism by which E1A stimulates c-jun expression, we
analyzed the effect of E1A on basal and TPA-induced c-jun
promoter activity in transient expression assays. A c-jun
promoter construct carrying the human c-jun sequences
from positions —1600 to +740 fused to the CAT bacterial
gene (called —1100/+740 in reference 2) was cotransfected
with pRSV-SE1A into HeLa tk~ cells. The latter plasmid
expresses the AdS E1A proteins from the Rous sarcoma
virus promoter. Consistent with our observations in adeno-
virus-transformed cells, both basal and TPA-induced expres-
sion of c-jun-CAT was increased more than 10-fold in the
presence of Ad5 E1A (Fig. 3). The enhanced expression of
c-jun in adenovirus-transformed cells, therefore, reflects a
direct effect of E1A on c-jun transcription, rather than a
secondary effect of adenovirus transformation.

In order to define the sequences of the c-jun promoter that
are involved in the E1A-dependent stimulation, we analyzed
the effect of E1A on various c-jun promoter fragments (Fig.
4 and 5; Table 1). Our data demonstrate that sequences in
both the —1600/—132 and the +170/+740 regions are re-
quired for maximal stimulation by E1A: a construct driven
by the —132/+170 promoter fragment was not activated
significantly by E1A compared with the RSV-CAT control,
whereas the —1600/+170 and —132/+740 constructs showed
intermediate stimulation by E1A (Table 1). Since the —132/
+170 c-jun promoter fragment did not confer E1A-depen-
dent inducibility to the reporter gene, the sequences present
in this fragment apparently do not play a major role in this
E1A effect. These sequences harbor an SP-1- and a CTF-
binding element, as well as a sequence that has been shown
to bind purified AP-1 in vitro (2). The latter element is
termed c-junTRE (2), since it mediates the stimulation by the
phorbol ester TPA of the —79/+170 c-jun promoter and of a
minimal synthetic promoter carrying one copy of the c-jun-
TRE in front of a TATA element (Table 1). The view that the
c-junTRE is not required for the activation by ElA is
supported by the fact that neither of these two promoter
constructs is significantly stimulated by E1A. It should be
noted, however, that mutation of the c-junTRE in the
context of the full-length (—1600/+740) c-jun promoter does
reduce the stimulation by El1A (Table 1, —1600/+740
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FIG. 2. Induction of c-jun, junB, and stromelysin mRNAs in
NRK cells. Untransformed and adenovirus-transformed (Ad5 E1
clone 1-2) NRK cells were grown to subconfluence and subse-
quently incubated in medium containing 0.5% FCS for 24 h. Then
10% FCS was added, and cytoplasmic RNA was isolated at the
times indicated above the lanes (in hours). The mRNAs were
analyzed by Northern blotting and hybridization with the indicated
probes. SML, Stromelysin; P, proliferating cells before serum
starvation.

mTRE). The c-junTRE, although not capable of mediating
E1lA-dependent stimulation on its own, therefore seems to
have a supplementary role in the activation by E1A of the
full-length c-jun promoter.

Also with respect to activation of the c-jun promoter by
TPA, the influence of the c-junTRE strongly depends on its
neighboring sequences. Inactivation of the c-junTRE abol-
ishes stimulation by TPA of the —79/+170 and c-junTRE-
tata promoters (Table 1, compare with —79/+170 mTRE and
tata, respectively), whereas this does not affect the TPA
inducibility of the —1600/+740 promoter fragment (compare
with —1600/+740 mTRE; see Discussion).

In conclusion, the stimulation of c-jun promoter activity
by E1A is mediated primarily by sequences in the —1600/
—132 and +170/+740 regions. The c-junTRE, when pre-
sented in the context of the full-length c-jun promoter, also
contributes to this E1A effect.

E1A differentially affects the activity of AP-1 transcription
factors. We have demonstrated earlier that the collTRE is
instrumental in the repression of the collagenase gene by
E1lA. Furthermore, E1A was found to repress synthetic
promoters that carry one or more copies of the collTRE
(20a). Interestingly, E1A does not inhibit the —79/+170 and
c-junTRE-tata promoters, for which the TPA inducibility
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FIG. 3. El1A-mediated transactivation of a c-jun-CAT reporter
construct. HeLa tk™ cells were transiently transfected with 2 pg of
—1600/+740 c-jun-CAT or pRSV-CAT and 8ug of one of the
following: pRSVneo (leftmost lanes); pRSV-5E1A, an AdS E1A
expression vector (lanes wtE1A); or pRSVJF12, which expresses
only the 12S mRNA-encoded E1A protein (lanes 12S E1A). After 44
h in the absence or presence of TPA (100 ng/ml), cells were
harvested and CAT enzyme activity was determined. Numbers
represent specific CAT activity (in picomoles of acetylated chlor-
amphenicol per milligram of protein extract per minute).

depends essentially on the c-junTRE (Table 1; Fig. 5). These
data indicate that E1A abolishes the TPA-induced activity of
the collTRE (TGAGTCA) while not affecting the TPA-
induced activity of the c-junTRE (TGACATCA). In addition
to TPA, overexpression of Jun protein also leads to stimu-
lation of minimal promoters carrying either the collTRE or
the c-junTRE (2, 20a). Since E1A does not affect the
stimulation of the c-junTRE by TPA, we were interested
whether high levels of Jun could also activate the c-junTRE
in the presence of E1A. In Fig. S, it is shown that the
—79/+170 c-jun and collTRE-tata promoters display similar
inducibility by overexpression of Jun. Consistent with our
earlier results (20a), coexpression of E1A abolished the
activation of the collTRE. Importantly, the Jun-mediated
activation of the c-junTRE was also suppressed by E1A.
Thus, E1A represses the activation of the c-junTRE by Jun
but does not affect the activation of this element by TPA. We
hypothesize that the activation of the c-junTRE by TPA is
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FIG. 4. Map of the c-jun promoter region, showing the locations
of several transcription factor binding sites (2) and the c-jun pro-
moter fragments present in CAT constructs.
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mediated by an AP-l-related factor different from AP-1
(Jun/Fos) and that the activity of this factor is not abolished
by E1A (see Discussion).

The fact that E1A inhibits the Jun-dependent stimulation
of the c-junTRE predicts that the combination of Jun and
E1A should not act synergistically at the full-length (—1600/
+740) c-jun promoter. Interestingly, Jun was found to even
inhibit stimulation of this promoter by E1A (Fig. 5; note that
Fos does not elicit this effect). Moreover, also in the absence
of E1A, high levels of Jun did not lead to an increase in c-jun
promoter activity. Together these data indicate that Jun has
an inhibitory effect on one or more sequences within the
c-jun promoter, thereby counteracting its own stimulatory
effect on the c-junTRE, as well as the E1A-mediated activa-
tion. Since the —79/+170 promoter fragment was stimulated,
rather than inhibited, by high levels of Jun (Fig. 5), the
sequences mediating the Jun inhibitory effect must be lo-
cated outside this region. The negative autoregulation by Jun
may, in fact, reflect the transient character of the stimulation
of c-jun gene expression by mitogens.

Requirement of the transforming domain CR1. The adeno-
virus E1A gene contains three conserved regions (CR1,
CR2, and CR3; Fig. 6A), which have been shown to play a
role in either the inhibition (CR1 and CR2) or the stimulation
(CR3) of gene expression (17, 18, 26). To investigate which
of these E1A-domains is involved in the elevation of c-jun
expression, we examined a series of mutant E1A constructs
for their ability to stimulate c-jun promoter activity in a
transient expression assay. These experiments indicated that
mutations in CR2 and CR3 do not affect the stimulation of
c-jun promoter activity, whereas mutation of CR1 abolishes
this E1A effect (Fig. 3; Table 2). CR1 was also shown to be
required for the activation of c-jun and junB expression in a
panel of NRK cells stably expressing the mutant E1A genes
(Fig. 6). The activation of these genes by E1A, therefore,
differs from the El1A-mediated transactivation of various
viral and cellular genes, for which CR3 alone is responsible
(10, 16, 18, 26). In conclusion, the requirement for CR1, a
domain essential for transformation, links the activation of
c-jun and junB expression to the E1A-driven transformation
process.

DISCUSSION

In this paper, we show that the adenovirus E1A oncogene
can constitutively enhance the expression of c-jun and junB,
genes that encode components of the AP-1 family of tran-
scription factors (6, 20). In the same adenovirus-transformed
cells the expression of junD, another member of the jun
family (12, 22), and of c-fos is unaltered (33; H. van Dam,
unpublished results), indicating that E1A differentially af-
fects the expression levels of various transcription factor-
encoding genes. Various other oncogene products (e.g., Ras
proteins) have been shown to stimulate transcription through
AP-1 binding sites (28, 37) or, in the case of SV40 transfor-
mation, to elevate AP-1 binding activity (13). Furthermore,
transiently elevated c-Ha-ras expression can stimulate c-fos,
c-jun, and junB expression (27-29). However, in cell lines
stably transformed by ras or SV40, we and others have not
been able to detect strongly elevated c-jun expression (Fig.
1) (29). Therefore, the constitutive activation of c-jun
expression appears to be a common feature of cells trans-
formed by E1A, whereas transformation by several other
oncogenes does not generally lead to increased c-jun levels.

The elevation of c-jun expression is due to stimulation of
the c-jun promoter activity by the E1A proteins. Maximal
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FIG. S. Effects of TPA and Jun protein on the c-jun promoter in the presence of E1A. HeLa tk~ cells were transiently transfected with
2 pg of the indicated c-jun-CAT constructs, pcollTRE-tata-CAT, or pRSV-CAT together with 6 pg each of pRSV-5E1A, pRSV-c-jun, pRSV-
c-fos, and/or pRSVneo (—). After transfection, the cells were grown in medium containing 10% FCS in the absence or presence of TPA (upper
panels) or in medium containing 0.5% FCS (lower panels). Forty hours later, cells were harvested and CAT enzyme activity was determined.
Numbers represent specific CAT activity (in picomoles of acetylated chloramphenicol per milligram of protein extract per minute).

stimulation of the c-jun promoter by E1A requires sequences
both upstream and downstream of the —132/+170 region
(Table 1). The —1600/+170 and —132/+740 c-jun-CAT con-
structs display suboptimal stimulation by E1lA, indicating
that the —1600/—132 and the +170/+740 regions contain
E1lA-inducible elements that can act in a cooperative man-
ner. Mutation of the TPA-responsive element between posi-
tions —72 and —63 (c-junTRE) also reduced the stimulation
of the —1600/+740 c-jun promoter by E1A, indicating that
this sequence plays an additional role in the stimulation by
E1A. However, the activity of the c-junTRE, when present
in a small fragment (—79/+170) of the c-jun promoter or in a
minimal synthetic promoter, was neither stimulated nor
repressed by E1A (Table 1). Thus, the c-junTRE functions
differently in the contexts of the full-length c-jun promoter
and of smaller promoter fragments.

Our data, furthermore, reveal that after stimulation by
TPA the c-junTRE, in contrast to the collTRE, is not
inhibited by E1A. Since earlier studies have shown that E1IA
represses the collTRE by inhibiting the activity of the
transcription factor AP-1 (Jun/Fos), we tentatively conclude
that TPA induces a different member of the AP-1 family to
stimulate gene expression via the c-junTRE. Although the
transcription factor AP-1 was originally described as a
heterodimeric complex of Jun and Fos (8, 25), a number of
Jun- and Fos-related proteins have been described which
function as constituents of AP-1-like transcription factors
(for a review, see P. K. Vogt and T. J. Bos, Adv. Cancer
Res., in press). Moreover, it has recently been shown that
Jun can also form heterodimers with members of the CREB/
ATF family (4, 15). Consistent with the observation that the
collTRE and the c-junTRE are differentially regulated by
ElA, we now have evidence that the protein complexes
binding to these elements display distinct properties (B.
Stein et al., unpublished data).

As mentioned above, the role of the c-junTRE in the
stimulation of promoter activity by E1A strongly depends on
the context in which this element is presented. A similar
conclusion can be drawn with respect to the stimulation by

TPA: mutation of the c-junTRE abolishes the TPA inducibil-
ity of the —79/+170 c-jun promoter fragment, whereas the
same mutation does not affect TPA induction of the full-
length c-jun promoter (Table 1). This implies that, in addition

TABLE 1. Stimulation of c-jun promoter mutants
by E1A, TPA and Jun®

Stimulation factor with:

CAT activity
Construct Ela (pmolVmg/min) ElA
TPA Jun
-TPA  +TPA ~TPA +TPA
—1600/+740 - 10 34 34 1.2
+ 120 720 12 21
—132/+740 - 2.1 69 33 2.5
+ 8.0 50 38 7.2
-1600/+170 - 10 22 2.2 1.1
+ 39 200 39 9.1
—132/+170 - 1.7 39 23 2.0
+ 2.5 11 1.5 2.8
—-79/+170 - 0.80 7.0 8.7 12
+ 1.3 13 1.6 1.9
—1600/+740 mTRE - 5.8 22 3.8 NT?
+ 39 370 6.8 17
—79/+170 mTRE - 0.54 0.86 1.6 NT
+ 1.1 2.4 2.0 2.8
c-junTRE-tata - 0.32 22 69 NT
+ 0.45 4.0 1.4 1.8
tata - 0.34 0.30 0.9 NT
+ 0.37 0.46 1.1 1.5
AdE3 - 3.8 95 25 NT
+ 120 1,400 32 150
RSV-LTR - 1,300 2,000 1.5 2.3
+ 1,500 4,800 1.2 2.4

“ HeLa tk~ cells were transiently transfected with 2 pg of the indicated
c-jun-CAT constructs or pRSV-CAT together with 8 ug of either pRSV-SE1A
or pRSVneo (—), as described for Fig. 3. An adenovirus E3 promoter CAT
gene was tested as a positive control for E1A transactivation (38). Activation
by Jun protein was tested as described for Fig. 5. Data represent the average
of three independent experiments.

5 NT, Not tested.
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TABLE 2. Dependence of activation of c-jun promoter
by E1A on CR1¢

Relative stimulation of

Construct Mutated —1600/+740 c-jun-CAT
region

-TPA +TPA

Gs/3 CR1 0.6 1.1

GCX CR2 5.0 6.1

G312 CR2 4.6 7.4
JF12 (12S) CR3 5.0 10

G5/3-JF12 CR1 + CR3 1.2 1.1

“ HeLa tk~ cells were transiently transfected with 2 pg of the —1600/+740
c-jun-CAT construct or pRSV-CAT together with 8 pg of mutant or wild-type
AdS E1A expression vectors, as described for Fig. 3. Since the mutant E1A
vectors affected the activity of the RSV-CAT control differently, the transac-
tivation of c-jun-CAT by the E1A constructs is normalized against the E1A
effect on RSV-CAT. The effects of the different E1A mutants were tested in
three independent experiments, the results of one of which are shown in this
table. The outcomes of all three experiments were very similar.

to the c-junTRE, at least one other important TPA-inducible
element is present in the c-jun promoter. Indeed, a second
TPA-inducible element has recently been delimited (Stein et
al., unpublished data).

The regulation of the c-jun gene by its own gene product
(Jun) also involves multiple regulatory elements. It has been
reported previously that overexpression of Jun leads to
stimulation, through the c-junTRE, of the —79/+170 c-jun-
CAT gene as well as of constructs containing longer c-jun
promoter fragments (2). In our experiments, however, only
the —79/+170 construct was strongly stimulated by high
levels of Jun, whereas the —1600/+740 and —1600/+170
c-jun promoter fragments were not activated (Table 1; Fig.
S). Since our experiments were performed with HeLa tk~
cells, whereas Angel and co-workers used F9 teratocarci-
noma cells in their study, this discrepancy probably reflects
cell-type-specific features, most likely the fact that HeLa tk™
cells contain considerable basal AP-1 activity, whereas F9
cells display no such activity at all (8). A possible explana-
tion is that Jun, in addition to the stimulatory effect on the
c-junTRE, has an equally strong repressive effect on se-
quences located further upstream in the c-jun promoter. This
model is, in fact, supported by the observation that high
levels of Jun counteract the stimulation of the —1600/+740
c-jun-CAT gene by E1A (Fig. 5). We hypothesize that the
inhibitory action of Jun on the c-jun promoter represents a
negative feedback, possibly the same feedback that causes
this promoter to be only transiently induced after stimulation
of cells by mitogens (24, 36; Vogt and Bos, in press).
Whether this feedback mechanism is a direct effect of Jun or
requires Jun-dependent regulation of other genes remains to
be determined. Irrespective of the mechanism, it is impor-
tant to note that this function of Jun, in contrast to its
transactivation function at the collTRE and the c-junTRE,
apparently is not inhibited by E1A. This suggests that E1A
does not abolish all activities of Jun, implying a functional
relevance for the increase in c-jun gene expression in aden-
ovirus-transformed cells.

The stimulation of the c-jun and junB genes is a function of
the transforming domain in CR1, indicating that it is likely to
be part of the transformation mechanism. Furthermore, the
nononcogenic serotype Ad5 and the highly oncogenic Ad12
regulate junB expression differently, suggesting that modu-
lation of transcription factor levels may influence the onco-
genic properties of adenovirus-transformed cells. The inac-
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FIG. 6. Effects of mutations in AdS E1A on the E1A-mediated
activation of junB and c-jun mRNA expression. (A) Schematic
representation of the AdS E1A gene and the deletions present in the
different mutant constructs. The 13S cDNA coding sequence ([C1)
and the conserved regions within the E1A gene (amino acids 41 to 73
[CR1], 121 to 136 [CR2], and 143 to 188 [CR3]) (B) are shown. The
following amino acid residues were deleted from the various mutants:
G5/3, 38 to 65; GNC, 86 to 120; G3/2, 125 to 133; JF12, 140 to 185; and
MX, 185 to 289. (B) RNA was isolated from untransformed NRK
cells (lane —) and NRK cell lines expressing wild-type or mutant E1A
genes (34) and analyzed by Northern blotting. The following cell lines
were examined: G5/3 clones 4-1 and 4-3 (lanes ACR1), GNC clone A
(lane ANC), G3/2 clones 1-1 and 2-1 (lanes ACR2), JF12 clones 5-2
and 1-1 (lanes ACR3), MX clones 2-2 and 1-3 (lanes Aexon 2), and
wtE1 clone 1-2 and wtE1A clone 1-1 (lanes wtE1A). (C) Cell clones
examined were G5/3 clones 4-1 and 4-3 (lanes ACR1), GNC clone A
(lane ANC), G3/2 clone 2-1 (lane ACR2), and wtE1 clone 1-2 (lane
wtE1A). Lane —, Untransformed cells.

tivation of the transcription factor AP-1 (Jun/Fos) is also
linked to the process of adenovirus transformation through
its dependence on CR1 (20a). Our data furthermore illustrate
that the gene-modulatory function of E1A is selective. First,
we show that E1A does not inhibit all AP-1 family members,
as is illustrated by the observation that the activity of the
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AP-1-related factor that binds to the c-junTRE is not re-
pressed. Second, we show that E1A, although it suppresses
the Jun-dependent transactivation of the c-junTRE and
collTRE, does not abolish all activities of Jun. Since Jun can
dimerize with a variety of other transcription factor proteins
belonging either to the AP-1 family or to the CREB/ATF
family (4, 15; Vogt and Bos, in press), it is conceivable that
E1A can inhibit activities of some Jun-containing transcrip-
tion factors, whereas the activities of others are not affected
or even stimulated.

In conclusion, E1A influences the repertoire of (AP-1-
related) transcription factors both by altering the synthesis
of their constituents and by selectively affecting their func-
tions. Since several genes that encode constituents of AP-1
and AP-1-related factors have been found to display trans-
forming properties (36; Vogt and Bos, in press), it is tempt-
ing to speculate that modulation of AP-1 function results in
altered expression of cellular genes directly involved in
transformation.
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